Recently, laser direct imaging (LDI) process has become popular as a substitute for lithography in flexible printed circuit board (FPCB) manufacturing industry. However, repeated motion of the process equipment causes residual vibration in a transient state when the stage accelerates or decelerates. The supporting structure for the laser head is complex and heavy in order to increase the resonant frequency, because the residual vibration must be controlled below a certain level for the LDI process precision. If the vibration cannot be rejected, the controller needs longer settling time; therefore, the productivity is reduced. In this study, a reaction force compensator (RFC) for the granite of a precision stage in the equipment is proposed to minimize the detrimental vibration and steady state error. First, displacement is measured with a laser Doppler vibrometer (LDV) to identify the dynamic characteristics of a pneumatic isolator for the stage. Second, the compensator's mechanism design is proposed by using a voice coil motor and capacitive displacement sensor. Third, a hybrid control algorithm combining the RFC and PID is applied to reduce the vibration. Finally, the RFC is evaluated in terms of vibration peak and steady state error. The LDI apparatus is stabilized more rapidly, because the proposed method cancels the impulsive reaction force of linear motion module immediately.
Introduction
Laser direct imaging (LDI) is highlighted as an alternative process to lithography. Lithography using masks has been widely applied for circuit patterning in conventional flexible printed circuit board (FPCB) manufacturing processes. However, it is difficult to satisfy the requirements of batch production. This is because manufacturing processes using masks involve complicated procedures and additional costs incurred by mask replacements [1] . Furthermore, an ultraprecise stage with submicron accuracy is required for alignment between the mask and workpiece [2] [3] [4] . Thus, LDI processing has recently emerged as an alternative method [5] [6] [7] . When using the exposure equipment with a UV laser as a light source, a circuit pattern with a minimum line width of 5-10 m is fabricated. In the process, a step-and-scan motion with large acceleration and deceleration of the optical head or workpiece is mainly applied.
The parasitic vibration and displacement error in the workpiece caused by the step-and-scan motion must be reduced. The linear motion module in the stage on a granite base transports the workpiece. The motion has reciprocating long travel to manufacture printed circuit pattern on a large flexible substrate. The workpiece is transported at high speed to increase productivity. During the acceleration and deceleration intervals, unwanted displacement of the granite occurs on its vibration isolator due to the low stiffness of its air spring and the reaction force from the linear motion module.
The motion of the granite caused the parasitic vibration of the support structure for the optical components of the UV laser head and workbench. To prevent resonance that is originated from the motion of the granite, the support structure must be made larger and heavier. A tendency toward miniaturization and lighter weight is one of the major trends in the industry; however, the heavy UV laser head is a constraint to design a smaller manufacturing system. This is 2 Shock and Vibration why a reaction force compensator is needed for LDI process even though there is no specified requirement in terms of vibration level.
The periods of acceleration and deceleration have short duration but large magnitude. Therefore, the reaction force applied to the granite has characteristics similar to that of the impulsive force. The force causes parasitic vibration and displacement error, which eventually result in unwanted error on the stage and workpiece [8] [9] [10] . Therefore, it is necessary to compensate for the reaction force to prevent the vibration and error on the granite and to increase the stability of the system with respect to operations at the high acceleration and deceleration speeds. Figure 1 shows the LDI stage that is operated in step-and-scan mode.
An input shaping method to prevent the system from vibrating is commonly used because the resonating frequency component in motion profile can be easily derived and rejected if a user designates the profile [11] . However, it is not possible to consistently ensure successive vibration reduction performance due to the complex structure, various motion profiles, and random servo-actuation. A feedforward control to cancel the harmonic disturbance using an adaptive gain scheme was suggested by Pin et al. [12] . Matsuda et al. proposed a reaction disturbance cancellation algorithm based on disturbance observer using a displacement sensor [13] . Kim et al. proposed a modified feedforward algorithm to control lateral vibration of the granite on the pneumatic mounts with a magnetorheological damper system [14] . However, they have needed additional sensors and shown limited performance like slow response.
In this study, a reaction force compensator (RFC) with voice coil motors (VCMs) is proposed and designed to offset the disadvantages caused by the low stiffness of the pneumatic vibration isolator. The design is based on the dynamic characteristics of a precision stage with a pneumatic vibration isolator. The motivation of this research is to improve the existing equipment with minimum modification of mechanism and controller. Therefore, a control algorithm that suppresses the parasitic vibration and displacement error of the granite by using a simple gain related to the thrust force of the linear motor is also proposed. The proposed control algorithm can be used without any vibration sensor. A feedback control may optionally be used to increase the performance of the reaction force compensation when needed. The algorithm was verified and evaluated through a series of experiments.
Dynamic Characteristics of Precision Stage with Passive Pneumatic Vibration Isolator
In order to design the RFC, the operation condition of the precision stage for LDI must be understood, and the dynamic characteristics of the stage must be identified. The repetitive operation of the stage's linear motion module incurs the parasitic motion of the stage. Figure 2 (a) shows the force and velocity of the linear motion module in the time domain using the reference trajectory of the precision stage that is presented in Figure 1 . A general specification of the precision stage is given in Table 1 . It is assumed that the linear motion module is accelerated and decelerated with 0.5 G along the X-axis. In this 0.5 G interval, the motion profile exhibits the maximum acceleration and maximum speed, which are the worst conditions like impulsive force. Table 2 shows the specifications of the linear motion module used in the precision stage as illustrated in Figure 1 . The output of the linear motion module in the acceleration and deceleration interval at 0.5 G corresponded to 83% of the rated force, and this corresponded to a thrust of 270 N. An instantaneous force generated by servo control in the interval could not exceed the 325 N of thrust force that corresponded to the rated maximum force of the module. The output force and velocity components that were collected from the linear motion are shown in Figure 2(a) .
In order to identify the dynamic characteristics, especially, the response of the granite on the passive vibration isolator, the motion of the granite was measured under excitation by the reaction force of the linear motion module along a reference trajectory by using a displacement sensor. The long stroke motion in Figure 2 (a) was repeatedly engaged in measuring the displacement that occurred on the granite by using a laser Doppler vibrometer (LDV, Polytec OFV-5000). The LDV gathers the displacement and vibration the frequency range of interest, which was then analyzed by spectrum analysis using a dynamic signal analyzer (DSA, Agilent 35670A). maintain the granite at its original orientation and position by the pneumatic valve working in the isolator. The isolator rotates and moves the granite a little, when the granite is tilted from the horizontal plane and deviated from its initial location by the change of system's center of mass after the motion. This occurred continuously while the linear motion module moved, and the peaks tended to increase if the motion involved large acceleration of a long stroke at high speed.
A conventional passive pneumatic vibration isolator has insufficient attenuation in the low frequency range. Typically, passive air springs or antivibration pads with viscoelastic materials are used in precision systems to reduce microvibrations because they have low stiffness and high damping ratios. The low stiffness creates a low natural frequency, which provides effective vibration reduction in the high frequency range. The high damping ratio results in good attenuation adjacent to the natural frequency. Despite these characteristics, the passive vibration isolator still does not perform well at very low frequencies below 5 Hz, because it does not have a sufficiently small natural frequency.
An LDV and a DSA were used to characterize and investigate the dynamic response of the granite, which consisted of an air spring isolator or an antivibration pad in the same frequency range. The pad was made of nitrile butadiene rubber (NBR), which is widely used in industry. In the graph shown in Figure 3 , the horizontal resonant frequencies of the precision stage with air spring isolator and that with the NBR antivibration pad are approximately 2.5 Hz and 10.5 Hz, respectively. Even when using the air spring, the isolator could not reduce the vibration in the frequency range to less than its own natural frequencies. The reaction force as a source of vibration possessed characteristics identical to the thrust force of the linear motor in Figure 2 (a), albeit in the opposite direction.
The high amplitude vibration in the low frequency range needs to be diminished. The above measurements indicated that the reduction effect of the air spring in frequency ranges exceeding 11.0 Hz was approximately 3 times more effective than that of the NBR pad isolator. However, the insufficient attenuation due to the low stiffness of the air spring isolator in frequency ranges below 5.0 Hz, which includes rigid body motion, still needs improvement. The reaction force of the linear motion applied to the granite included frequency components below 5.0 Hz. Hence, it was necessary to improve a vibration isolator with low transmissibility in a wider region by properly compensating for the aforementioned components in the range below 5.0 Hz.
Mechanical Design for Reaction Force Compensator
A novel RFC is designed to actively attenuate the disturbance in the low frequency range from the linear motion. The RFC is composed of a metallic bracket and two separate modules. Each separate module includes unidirectional VCMs and noncontact displacement sensors. The bracket is mounted underneath the granite. The driving force that is generated in the VCM is transferred to the granite through the bracket. There are two compensator modules, namely, the forward-(F-) module and backward-(B-) module. The modules were arranged in opposite directions with a preload. This arrangement created forward and backward thrust. When setting up the VCMs, there were some considerations because the gap between the coil and the magnet in the VCMs is small. The gap is vertical to the VCM's drive direction (x-axis). Therefore, the parasitic force along the y-and z-axes should not be transferred. A point-contact mechanism between the bracket and the VCM is introduced by using a ball caster to prevent damage due to unexpected parasitic forces. The magnet in the VCM was fixed to the lower frame with high stiffness, and the ball caster was mounted in the coil assembly along with the linear motion (LM) guide. The bracket and ball keep the contact without separation despite the VCM motion because the preload is engaged by applying an offset DC current to the VCMs.
The RFC with two modules has a symmetric planar configuration along the axis that is parallel to the linear motion. Each VCM has unidirectional operation in contrast to the single actuator scheme with only one VCM that covers the full stroke. Generally, if only a single actuator is adopted, it becomes nonsymmetric and heavy. For the large force requirement, the module can be expensive. The symmetricity provides robustness with respect to the thermal error and enables easy control of the system. The proposed configuration includes advantages when developing a modular design for a multiaxes combination with limited space and a complex structure.
The granite displacement was continuously monitored through noncontact displacement sensors that was installed in the F-and B-modules, separately. This was used to perform feedback control and to suppress effectively unpredictable movement by the isolator valve working. The arrangement of the main components and detailed sectional views of the modules are shown in Figure 4 . A steel bracket guide mechanism is omitted to enable visibility of assembled components in Figure 4(b) .
The required actuating force of the VCM was estimated by summing the reaction forces based on the thrust force of the linear motor and the inertial force from the movement of the granite. After the estimation, the VCMs are selected to generate a peak force that exceeds the summation thrust force and to produce a continuous force that exceeds the sum of the preload and friction of the LM guide.
The thrust force of the linear motor is 325 N from its specifications. This is the compensation needed by the reaction force. The inertial force is given by (1). This is required for feedback control of the VCM.
As shown in Figure 3 , the resonant frequency Ö is 2.5 Hz when using the air spring isolator. The mass of granite was 1,661 kg, and the maximum displacement d was 86 m from the time domain response in Figure 2(b) . Therefore, the inertial force calculated from the equation was 36 N. The above results indicated that the actuator required a peak force of 361 N to simultaneously perform the reaction force compensation and feedback control. An offset VCM force to keep the contact is required. The force plays a role of preload. The friction was very small when compared with the peak force; therefore, it was excluded from the estimation. Specifically, AVM90-HF-10 from Akribis was used as the VCM actuator, and its specifications are listed in Table 3 . Peak force specification of the actuator corresponded to 611 N and the thrust force was 69% larger when compared to the required force. The 5503 model from Microsense was used as a noncontact displacement sensor (gap sensor) for control, and its specifications are listed in Table 4 .
There could be problems in system precision and safety if excessive deformation occurs in the bracket due to static load or resonance, because the actuating force of the VCMs is transferred to the granite through the bracket. The other mechanisms in Figure 4 are short and thick compared to the bracket. Therefore, they are considered relatively rigid. Thus, a design plan was verified through finite element (FE) analysis using the ANSYS 16.2 when the bracket material and size were selected. FE models were made based on the candidate material, SUS304, for the maximum load assumption. The maximum load was from the bracket's own weight and the maximum output force of the VCMs. The maximum output does not apply in actual operation; however, the worst case of failure is considered in the model. A mesh with 6,622 nodes and 1,636 elements and with a size of about 530 mm × 252 mm × 1243 mm was generated in the FE model. The displacement on the face fixed to the granite with the bolt was constrained to zero. Figure 5 depicts the static analysis to verify safety under the maximum load assumption. Figure 5(a) shows the analysis of the SUS304 material. The maximum displacements corresponded to 32 m for the SUS304 materials. The maximum internal stress was 4.45 MPa and this corresponded to 2.07% of the yield strength of 215 MPa [15] . Figure 5(b) shows the results of the stress analysis.
With respect to the dynamic load due to resonance or repeated actuation, harmonic response analysis was used to evaluate the deformation under the dynamic load. The natural frequencies in Figure 6 corresponded to 119 Hz. The structure did not exhibit resonance near the frequency of interest below 5 Hz. From the results, the displacements at an excitation of the natural frequency corresponded to 7.57 mm. Despite the simplified FE model that did not consider a damping coefficient, it is reasonable to assume that the SUS304 material was suitable for ensuring stability under both the static and repetitive load.
Control Algorithm for Reaction Force Compensator
In order to cope with various situations, the reaction force due to the acceleration and deceleration of the linear motion on the granite was considered as a disturbance. Because the pneumatic valve control of the isolator is independent of the main controller, it is difficult to control the displacement of the granite after it starts to move. Likewise, the effort to cancel the disturbance based on a feedback control scheme is ineffective to suppress incipient movement caused by the reaction force. The proposed mechanism in Figure 4 can be 6 Shock and Vibration operated immediately using the command signal of the linear motor.
The configuration of the control system for real-time control of the RFC is depicted in Figure 7 . f is the command signal of the linear motor from the linear motion driver. u is the command output with analog voltage. i, F, d, and x are current from the amplifier, generated force by VCM, displacement of the granite, and feedback signal with analog voltage, respectively. The present state of the granite's position is considered the initial position of control algorithm when the trigger signal T is generated by the user's command.
The linear motion driver is a control unit for the linear motor as shown in Table 2 . DS1005 from dSPACE with a 16-bit analog-to-digital convertor was used as the real-time controller. The voice coil motors in Table 3 are used for the actuator with a current amplifier. The gap sensors in Table 4 are used to measure the displacement of the granite. Both the F-and B-modules have a connection to another component with an independent communication channel. In Figures 7  and 8 , the dual channel means that the F-and B-modules have their own loop for signal routing. Figure 8 shows a block diagram of the control algorithm for RFC which is the subsystem of the real-time controller in Figure 7 . p is the desired position of the granite that is fixed to zero. e is the position error of the granite as an input command for the PID controller. u , u , x , and x are the command voltages for the F-and B-modules and the feedback voltage from the displacement sensor. The current position is a relative value with respect to the memorized initial position when the trigger is turned on. The arithmetic mean values of x and x are used to calculate e for the feedback control algorithm.
The control algorithm can be divided into the reaction force compensation, feedback, and output parts. The realtime controller receives a command signal from the linear motion module and generates a command signal to compensate the reaction force with the VCM like a feedforward controller, because the reaction force of the linear motor is the major disturbance to the granite in the precision stage. The output signal of the reaction force compensation can be expressed as follows:
Here K , K , and V in the first term, which is for the reaction force compensation, denote the voltage-force ratio of the VCM amplifier, voltage-force ratio of the linear motion module, and force command signal of the linear motion module controller, respectively. The last three terms are for the PID control with the feedback signal from the signal averaging block. Additionally, K and K were considered as constants due to the linearity in the operational range in which K = 325 N/V and K = 61.1 N/V from the specifications of the linear motion driver and VCM amplifier. Hence, the RFC was implemented with a fixed gain, which was the amplification ratio K /K = 5.32.
A homing algorithm was also introduced in the RFC as shown in Figure 8 . The noncontact displacement sensor used in the reaction force compensator has its own home position because it measures absolute displacement. However, a displacement of a few tens of micrometers could occur due to the deflection of beam structure as well as a slight deviation in the VCM. Therefore, a process to home the current location to zero was necessary prior to the initialization of the stage operation command. The current location was saved in the dSPACE memory through an external trigger T to configure an algorithm that redesignated the starting point. Generally, the trigger signal is set once before the operation of the entire LDI process.
For convenience, the two displacement sensors faced opposite directions in which the module with the sensor direction identical to the linear motion coordinates was referred to as the F-module. The opposite module was referred to as the B-module. A direction gain of -1 was added in the signal averaging step because the B-module outputs a negative thrust against that in the positive direction of linear motion.
In order to prevent the independent operation of F-and B-modules of the VCMs, a command separation was devised. The two modules used in the RFC were symmetric in opposite directions of the common direction of motion. Furthermore, each VCM actuator was designed to produce a unidirectional pushing force only in a specific direction. It was necessary to pay attention to the operation because an overload could be applied to the VCM actuator or the ball caster could lose the contact, if the two modules were independently actuated contrary to intention.
A subsystem that controlled the output was separately set to block these unintended scenarios. A block diagram of the command separator in Figure 8 is shown in Figure 9 . C in the block diagram denotes the constant for the ratio of preload to maximum actuating force. A value of 1 for the saturation Shock and Vibration implies that the VCM output corresponded to 100%. The F-module's sensor measures the module's motion, but the signal is opposite because of its setup in Figure 4 (b). It was connected by directional gain (-1) in Figure 9 .
Experiments
In order to check the RFC operation, a sine input signal was applied in the output as shown in Figure 9 prior to the experiment for evaluation. The output signal was transferred to each actuator, and the displacement of granite was then measured. The preload related to C in Figure 9 was decided by repetitive trial and error. The minimum C was 0.1 without separation between ball caster and steel bracket for either Fmodule or B-module. It was observed in Figure 10 (a) that a constant output signal at 10% of rated force was maintained for the preload and that the sum of the two signals followed the sine input signal. The frequency response of the proposed mechanism with K /K = 5.32 is illustrated with a blue line in Figure 10(b) . The reference acceleration in Figure 2 (a) is converted to a frequency range with a red dashed line in Figure 10(b) . The frequency response of the reaction force compensator has much higher magnitude in comparison with the normalized spectrum of the main disturbance to cancel for most frequencies less than 100 Hz. The critical point is found around 10 Hz. However, the magnitude at 5.0 Hz is large enough to target that bandwidth. As shown in Figure 3(a) , the reaction force of the linear motor does not easily affect the displacement of the granite at frequencies higher than 5.0 Hz.
The performance of the proposed reaction force compensator is shown in Figure 11 . The uncompensated case with a gray dashed line in Figure 11 is the same as in Figure 2(b) . From the red line in Figure 11 (a), it can be observed that the feedback control by the last three terms in (2) sufficiently reduced the difference. In particular, the relative position error of the stabilized state is closest to the initial position. However, the performance deteriorated in terms of maximum displacement when compared with that of the RFC, because the VCM's actuation was carried out after detection of errors. The delayed detection give the lagged response which results in the insufficient compensation.
In Figure 11 (c), it can be observed that the size of the peaks was reduced to 39 m by only using the RFC. However, the generated force of the VCM that is synchronized with the driving of the linear motion module causes a displacement difference from zero, that is, a steady state error. These errors were due to the combination of the reaction force and the uncontrollable pitching motion of the granite. The rotated granite required a long time to stabilize because of the overdamped condition given by the low stiffness and high damping ratio of the air spring. The undesirable rotational motion had nonlinear behavior and an unpredictable magnitude, similar to backlash. In spite of the steady state error, the RFC control scheme was more effective for the step-and-scan procedure of the LDI process. Because the resonance of the UV laser head is caused by the sudden movement of the granite, an angular error between the UV laser head and the workpiece may be calibrated in a steady state. In addition, no sensors are needed to apply the proposed RFC control scheme, in contrast to the previous studies [12] [13] [14] .
The simultaneous use of the RFC and PID control resulted in a peak displacement difference of 34 m, which corresponded to a reduction of approximately 60% when compared with the displacement difference of 86 m without the compensation. The steady state error and parasitic motion with RFC control can be suppressed with the feedback control. The combination of RFC and PID is recommended when the RFC control scheme shows insufficient performance caused by unpredictable disturbances.
Conclusions
In this study, a reaction force compensator to reject undesirable vibration of the precision stage for LDI was designed and verified. The results indicated that the maximum perturbation of the granite decreased by approximately 57% with the proposed mechanism and a simple control scheme. With feedback control, roughly 60% of the vibration level of the granite can be suppressed.
This proves that this concept of the reaction force compensator is effective in reducing the vibration and error, which can improve precision against adverse conditions of impulsive disturbance. With the results of this research, the complicated structure of the UV laser head can be simplified for miniaturization and lighter weight. To improve the performance of the RFC control scheme without sensors, nonlinear control schemes and model-based predictions will be considered in the future study.
